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luorocarbon Slurries], 13 &Xf%MftfffB 0 9/5 8 6 
, 5 7 6^, 2 0 0 0¥6^ 2 0tBM> Kenneth E. Rasza, ^ 
Wl/TMethod And Apparatus For Producin 
g Phase Change Ice Particulate Salin 
e Slurries] (Cft£M#&, #f!B»»* "e%<D£#ff&%t LTg 
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pact of advanced energy transmission 

fluids on district heating and cool 
ing systems (phase I) , Argonne Nationa 
1 Laboratory, 1 9 8 7 ;Kasza, K. E . $5&lfC hen, 
M. M. Improvement of the performance o 
f solar energy and waste heat utiliz 
ation systems by using phase — change 
slurry as an enhanced heat — transfer 
storage fluid, ASME. J. Solar ENG. 107:2 
29 — 236, 1 9 8 5 ;Kasza, K. E. MHayashi, K. I 



(16) #82003-505190 
ce slurry cooling research: Storage T 
ank Ice Agglomeration and Extraction 
, ASHRAE Transactions Annual Meeting, 
Seattle, WA, June 1999;Liu, K, V, , Choi, U 
, S, titfKasza, K. E. Pressure drop and he 
at transfer characteristics of parti 
culate slurry channel flows, ASME FED 
, ^7 5#, 1 9 8 8; fc&tffclH a y a s h i , K. t5&TfK a s z a, K. 
E. , A method for measuring ice slurry 
particle agglomeration in storage t 
anks, ASHRAE Presentation Winter Meet 
i n g, 1 9 9 9»^„ ±lE0##iiW)£4fc^ *-<D£tttf#f!l§»» 
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X7>U-<D7Wt^\ 2oOSft57^n-f^fflLTs M£ti% 0 IS 1 © 
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§?3;L<tt, SSt? (BfjKRlffi) , SfE»W*^iSS^P- K^nfc (3 0%^ 
7j<X^U IrPBSK:, OTfc&<#c#f S : X7'J-«?ti5StW 

»$b<i±, cox7'j-tt, iB»»a*§i#ec:«ftv^iae asms) 

[0 0 6 0] 
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OifflO^Wm^ M^S^M (c o n t i n u 
ous on-demand b a s i s ) fcfcttSEStWtefflfciiUfcX^ U 
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7 X X 7 U J; l>'lrjlS» £ K Z ft % %imt £ 46 O 7°n h a 

Mt, m,%<D\m\m^~t^-zzbz>o »£tx«, mwmm, ^©i^toc 

[0 0 6 5] 

i}\ m\h<DmM*mMt% c £ «k D $ e. fcMSTifc D f#§ fc^ 9 c 

So 
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u ( 3 7 °o mmz £ e» 2 n/coM»\ 2 1 3 0 #w 2 5 °c k t^mc $ 
nr (^«bT-Mt9 0M) , zLX3 7v%vm&m-£ft%micisp>ic6 

fflaajE^us) «^#t4o^T9 o»tt^ti/cny 

hu-MMte, 6 0%&L±<oimtt*GLrco tot, a«r^©M«, ^ 

[0 0 6 7] 

^fcov^T<D^H43 J;OTOS^8gm^*^ H#%ftHfr5fei60J; 0 ^ < 

mmt, nmmm mmmmz&^tm) temps nzmtt. 

m®M<DMM (p e r i c a r o t i d) ^^t^iei^l^MIt 

to 

[0 0 6 8] 
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r s 1 aw, H. S. $5&Z?J aeger, J. C. , Conduction 
of Heat In Solids, Oxford University 
Press, 1 9 7 3, 2 3 3 - 2 3 7 1 (£tl&, #f8ffl»*MMtfc LTS 

; «$n/c^-r>©f|g^ESW§/c46t, )J<rM^ (ice slush b a 

[0 0 6 9] 
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(^feU^T* U : 3 ~ 6 ) 

WJ3) 

. s^y^^^ii^jAtn^^^^tt^o^ctfe^Tratsg^n/cM/K 

^^©I^»J;ot3 O#-C*J«>0 2 9. 4°C£^5Mfr& 1 6. 7 
°CfT/t£PL/co t#?>n/c^^£P««> 0. 4 2t/^o/£, en?)© 
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hs&, i. 5~5. o x i o" 7 m /somm^t^mnrnK-D^x^ 

[0 0 7 1] 
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tMft, mm, mmm (csf)> *5&zfMT*&z 0 miioik 

, 1 5 0 0 g (cntt 1 3 8 8 cm (Dmnt5&T}6 9. 2mm^g£fflSt 

aiT.=b.Tm +c.T.-. + d.T'fc!K i ttW\<0$l*7K?o C(D 
Tri -Diagonal -Ma t t i x A 1 g o r i t hrnKXiX 
f&^fco (S. V. Patanker, Numerical Heat Tra 
nsfer and Fluid Flow (Hemisphere Seri 
es on Computational Methods in Mecha 
nics and Thermal Science), Hemisphere 
Publishing, 52-54 19 8 0»a o £fc, C a r 
slaw, H. S. feitfjaeger, J. C. , Conduction o 
f Heat In Solids, Oxford University P 
ress, 1 9 7 3, 2 3 3-2 3 7l^#I©Cfc) „ 
[0 0 7 3] 

ff^^^£felt§IIW*fiS»o (SW^tfX 3 7W25 

o l^u mommmm^ mn%u<o\ o'Miz&^r, 2 5 o c^» 
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<DWm:Mt% £W£f% ■ SS= 1. 2cm;S?=10cm; Wffi6^6 
0]fd?S©&fB8= 125cc/^I 43«ttfT-rxX7U-^H-r5SffiiaS=0 

°Co 

[0 0 7 5] 

Sra<D##r&, ^ai7°P-bX©«Bttfe^T, Mtf 1 OcmOW^SP 
&/cD 14. 8 c a l/s#\ I&»^P^n§o B#W£I»§K:onT, II 

§ 2 5°Ct}fiV^ja^WT^o 
[0 0 7 6] 

(DmftiDmS'Vtfi&Pt-'FW. ratt^So fffllfcq' ' ' out o. 
0 2 c a CtUt Iil 5 0 0 g, Ifil 3 8 8 cm\ 

*3«j;mb^3 8 5 o j/k g-wrr 5$<*x 37W 25^© 1 o#ra 
To^a^aoXc cn?>(Dfss^a^<¥±^»M®a^ 27. 6cai/ 

[0 0 7 7] 
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[0 0 7 8] 

cciMtt, iftJ^TOjotfe^To^-er^xx^u-^^^n, *lt& 

II (CO^Kli, fi»3 7°CT&£) (2~5mmJP) © 

w^^fo «j±£ (cna, i&L«Hi#^§) its b^«> 

7U-fcJ\ »3 0§»%O*ffi : ?^tP Gktt, 8 0 c a \ / gtftt>% 1 4 4 

Btu/i boM^^^tt^) o c<o^*fii> ^monmm^mt^ct 
\cm?lx, fom* : t<Dmm<Di%-%:um3 7 vt^mm^^umz 5°c%x 

[0 0 7 9] 

IWfe§10»f)It\ CtDfiC^V^tt, 3 7*Cfrt>2 5°C\<D 
iOS^©»i^ 3 8. 8 B t u-e&SfcH-gSi-U Ctllt O. 2 7#yK0 
7K<M^«W£° 3-4 U >y h;l/(D§»^^rSH$^^±l$tl/c, 3 0% 
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»j5^#i©i:i:) icmm?%fcm&m®m, &£t;«£ffio«n&{£ 

[0 0 8 1] 

' =0. 018cal/s-cm J (Ctlit, -6. 6 3 c a l/sOx^ 

OT^ti^ q' ' ' =0) TO, «0^L>£;}3tf & 3 
7 "Cfr 5 2 5 °C\<D?t£P«^ 2 8. 4 'MV&Z Obm^f^W^ 1 > « 

m5frt><Dmm) ctA^g?n§o u/pu «iffl?n§o. oisca 
i/s-cm (Dmrnmisytimz-D^Tte. mmmtn oftmim^tZo 

[0 0 8 2] 

&%^mmftmmm®m^)V£.{mzm~3< (carsiaw, h. s. 
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If Jaeger, J. C. , Conduction of Heat In S 
olids, Oxford University Press, 1973, 2 
3 3-2 3 71) c 
[0 0 8 3] 

[0 0 8 4] 

/cl, 4oJ:t5fi^Mil (2~5mmff) <D*t £oTC<D»£llll£nfoi> 
(cut modeDi rmLTco ^IHOftSJj&gfc^ 

grrscfcidrafcT, «^c>it»t3-«fi3 7°c^f>^«S2 5°ct 

[0 0 8 5] 

-3<c 2£&§^»e7^^ limits fewwtsi^ 

FPROSTAR (STAR-CD3-F©7' l J7 B nt7t) ^fflL-T, sggfl 

[0 0 8 6] 

WJ7) 
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^ofc„ WWXH 0. lmm*MD (ilM £ «fc <0 SIS) I IV 
ItfctfJBL&frofco Mb/c^S^7]<T^XX^U-«g«s -0. 3°C 
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mmm\m 

mX-lS, Idris, A. H. , Wenzel, V. , Becker, L. B. 
, Banner, M. J. , Orban, D. J. , Does hypoxia 
or hypercarbia independently affect 
resuscitation from cardiac arrest?, 
Chest, 108 (2) : 5 2 2-2 8 (1995) ; Idris, A. H. 
, Becker, L. B. , Fuerst, R. S. , Wenzel, V. , R 
ush, W. J. , Melker, R. J. , Orban, D. J. , Effe 
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METHOD FOR INDUCING HYPOTHERMIA 

This application claims the benefit of U.S. Provisional Application No. 
60/1 46,753, filed August 2, 1 999, by Kasza et al., entitled Method For Inducing 
Hypothermia, which is incorporated herein by reference in its entirety. 

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 

The United States Government has rights in this invention pursuant to Contract 
No. W-31-109-ENG-38 between the United States Department of Energy and the 
University of Chicago. 

BACKGROUND OF THE INVENTION 

The present invention relates to the production and use of engineered phase- 
change particulate slurries, such as ice slurries, with high cooling capacity, fluidity, and 
stability to induce protective hypothermia through internal and external cooling. 

It is well know that hypothermia can postpone damage to tissues caused by 
inadequate blood flow and oxygen deprivation. One important example of the potential 
protective properties of hypothermia is in the area of cardiac arrest. Sudden cardiac arrest 
is one of the leading causes of death in the United States, affecting about 1 ,000 people 
every day, most of them outside of a hospital setting. Despite widespread use of basic life 
support and advanced cardiac life support by paramedics, survival of cardiac arrest 
patients is usually less than 2-4%, in large part because cells of the brain and the heart 
begin to die within minutes following global ischemia, or inadequate blood flow. 

The ability of these cells to survive severe ischemia can be significantly enhanced 
by transient hypothermia. However, rapid and significant cooling (within 10 minutes, 
and to a temperature of 34°C or less) of a patient without blood flow in a pre-hospital 
setting has been unachievable. 
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External cooling methods have not been found effective in achieving the desired 
rates of cooling. Several studies by the applicants highlight the fact that current 
techniques of surface cooling alone are not effective for the rapid induction of 
hypothermia. In patients with normal circulation, the core cooling rates achievable with 
external cooling blankets and/or evaporative convection methods do not exceed 
0.1°C/min. with rates on the order of 0.05°C/min. being more typical. This results in a 
cooling rate of less than 6°C per hour, not rapid enough for protective use during cardiac 
arrest. Even with complete immersion of a human in an ice slush water bath (0°C), 
achieving a nearly maximally effective surface heat transfer coefficient, the lack of blood 
flow during cardiac arrest prevents achieving the desired protective core cooling rates. 

Accordingly, there is a need for a rapid and safe method of internally cooling the 
target zones ~ the heart, the brain, and other regions, which can be used in an out-of- 
hospital setting. The rapid induction of protective hypothermia using internal phase- 
change slurry cooling can have a significant impact on the rate of survival for patients 
suffering from a variety of conditions including, but not limited to, ischemia due to 
cardiac arrest, myocardial infarction, and stroke, hemorrhage, traumatic injury, and 
asphyxia. 

There are significant theoretical advantages to inducing hypothermia in ischemic 
patients under field conditions, including the ability to cool ischemia-sensitive organs like 
the heart and brain more rapidly, and, therefore, reduce tissue injury caused by the sudden 
reperfusion of normothermic ischemic tissue. 

The physics of thermal heat-transfer creates a formidable challenge to rapid 
cooling of a human with little or no circulation. This is particularly problematic since the 
brain and heart are the targets of the cooling process. External methods of cooling can 
lower the temperature of these oxygen-sensitive organs but only very slowly at rates of 
less than 0.05°C/min (only 3°C/hr). The difficulty is that without a pulse or adequate 
perfusion, there is very little transfer of heat from the deeper tissues to the superficial 
tissues. External cooling techniques (i.e. cooling blankets or even full ice-water 
immersion) during conditions of no or low blood flow only cools core organs via direct 
tissue thermal conduction. Unfortunately, the speed of cooling with these techniques is 
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too slow to avoid a lethal outcome due to ischemic reperfusion injury to vital organs, 
including the heart and brain. 

BRIEF SUMMARY OF THE INVENTION 

The present invention provides for the application of phase-change particulate 
slurry cooling systems, equipment, and methods designed for cooling patients rapidly and 
safely. Subcutaneous, intravascular, intraperitoneal, gastrointestinal, and lung methods of 
cooling are carried out using saline ice slurries or other phase-change slurries compatible 
with human tissue. Perfluorocarbon slurries or other slurry types compatible with human 
tissue are used for pulmonary cooling. And traditional external cooling methods are 
improved by utilizing phase-change slurry materials in cooling caps and torso blankets. 

Since cardiac arrest represents a no or low blood flow state (low blood flow is 
achieved, for example, with chest compressions) in which cells begin to die within 
minutes, the rapid induction of moderate to profound hypothermia during cardiac arrest 
can serve a highly protective function. The use of high fluidity phase-change slurry 
materials with the capacity for effective internal cooling of such patients makes it 
possible to cool a victim of cardiac arrest within minutes. Rapid induction of 
hypothermia during cardiac arrest in a pre-hospital setting can significantly improve a 
patient's outcome by protecting cells of the brain and heart until blood flow can be 
reestablished at the hospital using existing cardiac bypass technology. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 . Small 0. 1 to 0.3 mm ice crystals formed in a beaker of medical 

grade 0.9% sodium chloride solution. 
Figure 2. Large 3 to 25 mm entangled ice crystals formed in a beaker of pure 

water. 

Figure 3a Microscopic view of a pure water slurry. 
Figure 3b. Microscopic view of a 0.9% sodium chloride aqueous solution 
slurry. 
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Figure 4. Cell death versus time. 

Figure 5. Predicted versus measured core temperature for a ham suddenly 
immersed in ice slush. 

Figure 6. Transient temperature at the brain core. Head initially at 37°C 
subjected to a sudden immersion in an ice bath at 0°C. Depicts 
influence of surface cooling only and combined effect of surface 
and internal cooling by cooled carotid blood flow into brain. 

Figure 7. Transient temperature at the center of a spherical heart model of 
mass 400 g and initial temperature of 37°C for 2 modes of cooling. 

Figure 8. Combined intravenous and pulmonary cooling during cardiac arrest 
with chest compressions. 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to the use of phase-change particulate slurries 
designed specifically for medical use and the cooling equipment used to rapidly induce 
hypothermia in a patient. 

A phase-change particulate slurry comprises small particles of a phase-change 
media suspended in a transporting fluid. Preferably, the phase-change particulate slurry 
has a high heat of fusion. One example of such a phase-change material is ice, but other 
materials with a heat of fusion may also be used. Examples of transporting fluids include, 
but are not limited to, water, saline solution, and perfluorocarbon solution. The terms 
"slurry" and "phase-change slurry" are also used to refer to "phase-change particulate 
slurries," examples of which include, but are not limited to, saline ice slurries and 
perfluorocarbon slurries as discussed. 

Hypothermia is defined as a body temperature significantly below 37°C. Various 
levels of hypothermia have been defined. Mild hypothermia is defined as a body 
temperature of about 34°C, moderate hypothermia as a body temperature of about 23- 
32°C, and profound hypothermia as a body temperature of about 12-20°C. (See 
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Stedman's Medical Dictionary, 26th Edition, 1995.) The term "significant cooling" as 
used herein means cooling to a temperature of about 34°C or less. 

In one embodiment, the slurry is delivered through a subcutaneous injection. The 
location of injection depends on the desired target for cooling. In one example of a 
subcutaneous injection, cooling of the brain and the heart are achieved through a 
pericarotid artery injection of a saline slurry or other suitable phase-change slurry into the 
soft tissues of the neck. The pericarotid soft tissues allow the 3-4 inches of exposed 
carotid artery and jugular vein in both sides of the neck to function as a heat exchanger 
for blood traveling to the brain and heart during CPR. This method of cooling may be 
used alone for selectively cooling the brain cooling, as desired, for example, with a stroke 
patient. Alternatively, this method can be used in combination with other cooling 
methods discussed below. 

In another embodiment, the slurry is delivered through an intravascular injection. 
The vessel for injection is chosen based, in part, on the desired cooling target. In one 
example of delivery through intravascular injection, the heart is cooled through a direct 
aortic "flush" infusion using a saline phase-change slurry or other suitable phase-change 
slurry. Cooling through injection of the slurry into other blood vessels is also possible. 

In another embodiment, cooling is achieved by delivering the slurry 
intraperitoneally. For example, delivery can be through a percutaneous puncture of the 
intraperitoneal cavity. 

In another embodiment, cooling is achieved by delivering the slurry through the 
gastrointestinal (GI) tract. Examples include rectal delivery or delivery through a 
nasogastric (NG) tube. 

In yet another embodiment, an oxygenated perfluorocarbon saline ice slurry or 
other suitable slurry is delivered to the lungs to achieve pulmonary cooling and cooling of 
the heart. Delivery of slurry to the lungs offers the advantage of a huge surface area for 
heat exchange and almost direct contact with the heart on one side. Cooling the lungs 
also cools the heart indirectly by inducing cooler blood flow from the lungs to the heart 
through CPR. 
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The methods of treatment described in each of the embodiments can be used alone 
or in any combination, depending on the condition of the patient, the target tissue for 
cooling, and the degree of cooling desired. 

The present invention provides a treatment protocol for the induction of 
resuscitative hypothermia during cardiac arrest, stroke, or other conditions in which blood 
flow is restricted. In one example according to the present invention, in an emergency 
setting, paramedics at the scene of a cardiac arrest attempt the usual advanced cardiac life 
support therapies. If, however, these traditional methods fail, they initiate an additional 
series of procedures. First, with intubation and CPR already started, they inject the soft 
tissues in the pericarotid region bilaterally with a saline ice slurry to begin cooling of the 
brain. Next, they administer an oxygenated perfluorocarbon ice slurry to the lungs to 
provide additional cooling to the heart and then brain while ventilating the patient. An 
aortic flush saline ice slurry adds additional cooling as they begin transporting the patient. 
Finally, external cooling of head and other surfaces begins while the patient is taken to 
the hospital. 

With these combined methods, the patient is cooled to a protective temperature 
upon arrival at the emergency department 5-10 minutes later. Once at the hospital, a 
resuscitation team administers additional drugs to maintain critical cellular functions 
while cardiac bypass is established for the patient. 

External Cooling 

One aspect of the present invention provides improved surface cooling blankets. 
For cardiac arrest patients, conventional cooling blankets and head caps have not by 
themselves been able to supply anywhere near the protective cooling needed for the heart 
and brain. However, the use of external surface cooling, when used in conjunction with 
internal cooling phase-change ice slurries is still beneficial. Conventional blanket devices 
do not achieve the thermal boundary condition and cooling associated with immersion in 
an ice bath. Colder coolant medium temperatures would improve the cool-down rate, 
however, the risk of freezing tissue is increased. 

Cooling blankets according to the present invention are improved through the 
implementation of phase-change materials that have transition temperatures near 0°C and 
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have improved blanket contact with the skin to reduce thermal contact resistance. There 
are conventional cooling blankets currently available which use phase-change media, 
however, these devices, when in their chilled state, are stiff and do not fit very snuggly or 
adapt to the shape of the head, neck, or torso. This causes a lack of contact with tissue 
(air gaps), and hence zones of greatly reduced heat transfer. Furthermore, these blankets 
are also often covered with a cloth outer layer which reduces skin contact and reduces 
cooling effectiveness. 

According to the present invention, preferably, phase-change materials which 
exhibit less rigidity in the cooled state and have transition temperatures near 0°C are used 
for blankets and other external cooling devices. Preferably, the coverings for containing 
the phase-change substances are very smooth, thin, compliant, and can be fabricated into 
slip-on devices for cooling the regions of interest. One example of such a covering 
material is plastic Mylar having a metallic coating. This material is very strong, produced 
in very thin layers, readily fabricated into complex form fitting shapes, and it is very 
smooth, reducing surface contact resistance. The contact resistance is further reduced by 
coating or wetting the areas to be cooled before applying the cooling device. 

Internal Cooling 

The present invention relates to methods of rapidly inducing hypothermia in a 
patient using phase-change particulate slurries for internal cooling. Cells within the brain 
and heart are the most sensitive among the tissues of the body to reduced blood flow and 
oxygen deprivation and are, therefore, the principle sites to protect first with hypothermia. 
The protection of resuscitative hypothermia is important in cardiac arrest, as well as other 
ischemic conditions including stroke, myocardial infarction, hemorrhage, traumatic 
injury, and asphyxia. 

Brain cooling 

For cooling the brain, in addition to cooling the head externally, as discussed 
above, with cooling jackets or pads containing a phase-change material at a temperature 
of around 0°C, the carotid artery on each side of the neck is used over its length as a heat 
exchanger for cooling the blood transported directly into the brain. Likewise, the jugular 
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vein, next to the carotid artery, which carries blood back to the heart can also be cooled. 
Much of the following discussion for carotid artery cooling also applies to cooling the 
jugular vein blood flow and the heart. In a cardiac arrest patient, blood flow is induced 
by chest compressions. The cooling of the carotid blood flow is greatly enhanced by 
injection of a saline ice slurry into both sides of the neck for near intimate contact 
between the artery external walls and the slurry. The slurry is not injected directly into 
the carotid artery or the jugular vein, but into the soft tissue surrounding these blood 
vessels. 

One method of delivering the slurry for brain cooling through a neck injection is 
as follows: The operator first identifies the region of the carotid artery and the jugular 
vein in the neck. The skin is punctured with a needle and a catheter is inserted into the 
pericarotid region of the soft tissue of the neck. The external portion of the catheter is 
attached to a syringe containing the slurry. A specified volume of slurry is then injected 
into the soft tissues of the neck in the vicinity of the carotid artery and the jugular vein. 
Another method of delivery is to use a directed mechanical metered feed of slurry. 

Heart Cooling 

In addition to cooling the heart with externally applied cooling jackets or pads 
containing a phase-change material at a temperature of around 0°C, the present invention 
involves various methods of internal cooling which directly target the heart. In one 
embodiment, the heart is cooled in the same manner discussed above for cooling the 
brain. Injecting ice slurry into both sides of the neck for cooling blood flow to the brain 
from the carotid artery also cools blood flowing in the jugular vein returning directly to 
the heart. 

In a second embodiment, the heart is cooled by charging the lungs with an 
oxygenated perfluorocarbon slurry. Cooling the lungs results in heart cooling by taking 
advantage of the thermal conduction resulting from the close proximity of the lungs with 
one side of the heart. 

In another embodiment, the lungs are charged with an oxygenated perfluorocarbon 
slurry, and chest compressions move cool blood from the lungs into the heart, enhancing 
the rate of heart cooling. 
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In one method of delivering the slurry into the lungs, an endotracheal tube is 
inserted into the trachea. The external portion of the endotracheal tube is connected to a 
ventilation-type bag which has been specifically modified to deliver slurry. A specified 
volume of slurry is delivered to the lungs through the endotracheal tube. 

The ventilation bag and delivery tube are modified to minimize slurry plugging the 
flow passages and to facilitate the controlled delivery of the required amount of slurry. 
The bag is also modified for interface with the chiller and other equipment needed to 
form the slurry. One alternate method of delivering slurry to the lungs is directly through 
a mechanical tube feed into the lungs. 

In a third embodiment for heart cooling, the slurry is introduced through a direct 
aortic "flush" or infusion, producing cooling in the target zones. For the aortic flush, the 
slurry is delivered to the aorta through the use of a percutaneous open femoral artery 
puncture. A larger bore long catheter is advanced through the puncture toward the head 
until the catheter is in the region of the aortic arch. A syringe is attached at the external 
end of the catheter. The syringe is then loaded with slurry and a specified volume of 
slurry is pushed through the syringe and through the tubing into the aorta. 

Phase-Change Slurries 

Phase-change slurries in the form of high concentrations of small ice particles in a 
liquid carrier dramatically increase coolant capacity compared to other liquids such as 
water or blood that lack heat of fusion effects. Methods and apparatus for the production 
of phase-change slurries are discussed in greater detail in U.S. Patent Application Serial 
No. 09/585,770, filed June 2, 2000, by Kenneth E. Kasza, entitled Method And 
Apparatus For Producing Phase Change Ice Particulate Perfluorocarbon Slurries, and U.S. 
Patent Application Serial No. 09/586,576, filed June 2, 2000, by Kenneth E. Kasza, 
entitled Method And Apparatus For Producing Phase Change Ice Particulate Saline 
Slurries, both of which are incorporated herein by reference in their entirety. 

Phase-change ice slurries have been used for cooling in large building complexes. 
The use of slurries for cooling buildings has shown that ice particles suspended in water, 
if engineered to have the correct characteristics, can be pumped as readily as water and 
are stable for significant periods of time without agglomeration. The cooling capacity of 
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such a slurry can be 5 to 1 0 times that of an equal mass of water which exhibits only 
sensible heat cooling capacity, as opposed to heat of fusion effects. 

For use in cooling buildings, the particles preferably are small relative to the 
conduit diameter, not loaded to a level of more than 30% ice in order to enhance delivery 
to the target cooling zone, and relatively smooth to avoid particle entanglement and 
formation of large clusters. Small additions of chemical adjuvants to a slurry, such as 
freezing point depressants, have been shown to dramatically improve the fluidity and 
storability of the slurry by altering the microscale features of the individual particles 
comprising the slurry. 

For background information on phase-change slurries, and specifically ice slurries, 
see Kasza, K. E., and Chen, M. M., Assessment of impact of advanced energy 
transmission fluids on district heating and cooling systems (phase I), Argonne National 
Laboratory, 1987; Kasza, K. E., and Chen, M. M., Improvement of the performance of 
solar energy and waste heat utilization systems by using phase-change slurry as an 
enhanced heat-transfer storage fluid, ^SME 7. Solar ENG. 107: 229-236, 1985; Kasza, K. 
E., and Hayashi, K., Ice slurry cooling research: Storage Tank Ice Agglomeration and 
Extraction, ASHRAE Transactions Annual Meeting, Seattle, WA, June 1999; Liu, K. V., 
Choi, U. S., and Kasza, K. E., Pressure drop and heat transfer characteristics of particulate 
slurry channel flows, ASME FED Vol. 75, 1 988; and Hayashi, K., and Kasza, K. E., A 
method for measuring ice slurry particle agglomeration in storage tanks, ASHRAE 
Presentation Winter Meeting, 1999. Each of the references above are incorporated herein 
by reference in their entirety. 

For human use, ice, with its large heat of fusion (80 cal/gm) is an ideal candidate 
for the basis of phase-change slurries. For example, a 50/50 mixture of ice and water 
furnishes nearly 10 times the cooling capacity as an equal mass of water at 0°C 
containing no ice. One example of a slurry suitable for use in humans is a 0.9% saline 
(sodium chloride) phase-change ice slurry which has a temperature of - 0.3°C. The 
sodium chloride serves as a freezing point depressant, and the slurry has a temperature 
and a salt concentration that are compatible with human tissue. 

Other slurry examples, although not exhaustive, include sugar-based or sucrose- 
based aqueous solutions or solutions containing biological antifreeze chemicals. The 
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various additives to water can also be used in different combinations to engineer a slurry 
having altered medical attributes. A slurry can be used as a vehicle to administer other 
drugs or biologically active compounds at the earliest stages of treatment for purposes in 
addition to cooling the patient. Such biologically active compounds include, for example, 
anti-oxidants and anti-apoptosis proteins. 

The phase-change particulate slurries of the present invention are generally 
characterized by their high cooling capacity, fluidity, stability, and compatibility with 
human tissue. Preferably, the slurries have a transition temperature (freezing and melting 
point) that does not cause tissue damage. 

The saline ice slurries according to the present invention preferably contain 
sodium chloride concentration in the range of about 0.5% to 3.0%. The loadings, or 
percentage of ice crystals, are preferably in the range of about 5% to 40%. More 
preferably, the slurries are highly loaded with a concentration of ice particles of about 
30% or greater. 

EXAMPLE 1 

The first example is an ice slurry made from medical grade sodium chloride saline 
solution. This slurry is used to cool major blood vessels which flow to the head and the 
heart as with the aortic flush and neck injections described above. The movement of the 
slurry and the transport of cooled blood into the critical zones is enhanced by chest 
compressions. 

The sodium chloride in aqueous solution serves as a freezing point depressant and 
alters the nature of the ice crystals formed in solution when the solution is cooled to its 
freezing point. Using a 0.9% saline solution, a slurry is formed in a saline solution 
confined in a container or in a saline solution directly in a plastic medical injection bag. 
The solution is cooled to the point where ice crystals form. The freezing point for this 
concentration of sodium chloride (0.9%) is - 0.3°C. In contrast to pure water, the saline 
solution in the beaker and the medical injection bag forms very small separated ice 
crystals of a size less than 0.1 mm initially. These very small ice crystals grow to 
approximately 0.2 or 0.3 mm as the ice crystal loading grows with time after initial 
nucleation of the solution. The slurry is allowed to further increase in ice crystal 
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concentration for about 15 minutes, yielding an ice crystal concentration of approximately 
15 to 20 %. The ice particles are quite smooth due to the presence of the sodium chloride. 
At this concentration of ice crystals, the mixture remains very fluid and syrupy in texture. 
Figure 1 shows the saline slurry created in the beaker. This slurry readily flows through 
3 mm diameter tubing. Figure 2 shows the larger 3 to 25 mm entangled ice crystals 
formed in a beaker of pure water. 

Figures 3a and 3b show pure water and saline slurries, respectively, viewed under 
a long range microscope. In the sodium chloride solution, the small individual crystals 
are quite smooth. In the pure water slurry, the crystals are rough. The saline slurry, 
therefore, is quite fluid compared to the pure water slurry which has very large dendritic- 
type crystals. 

Saline ice slurries, and other suitable slurries of the present invention, are made 
using several different approaches. One approach is a batch approach in which beakers of 
solution or plastic IV bags containing saline solution are immersed in a recirculating 
water bath chiller. The solutions are cooled until a slurry is formed. A second approach 
uses a significantly modified commercially available continuous flow ice particle 
generator and particle concentrator/accumulator (for time of need production) to generate 
a slurry. 

Preferably, the commercially available continuous flow ice particle generator and 
particle concentrator/accumulator are reduced in size to be compatible with medical needs 
and new control features are implemented to allow generation and storage of ice particles 
suitable for medical use. Equipment for feeding the slurry to the medical delivery devices 
is also designed into existing slurry generators. The equipment is also designed to 
eliminate the potential of slurry contamination. 

Preferably, a stable (storable), fluid and highly loaded (30% or greater) ice particle 
slurry with medical grade saline solution is produced. A slurry with 30% ice particles has 
5 times the cooling capacity of saline solution without particles. These characteristics of 
slurries are strongly dependent on: the temporal and thermodynamic pathways under 
which the slurries are formed; the concentration of the sodium chloride in the aqueous 
solution; the actual cooling equipment used; and the presence of other trace chemicals or 
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impurities which act as ice crystal nucleation sites. The slurries preferably have a 
transition temperature (melting point) that does not cause tissue damage. 

It is known that slurry flowability also depends on loading, surface roughness, and 
particle size. Preferably, a stable saline slurry of the maximum loading (maximum 
cooling capacity) and the flowability necessary for tubing delivery and flow in blood 
vessels is produced. 

To determine the influence of the various parameters which influence slurry 
characteristics, batches of saline ice slurry for several sodium chloride concentrations in 
the range 0.5 to 3.0 % using 2 different approaches are generated. The first consists of 
the batch approach involving containers of solution or plastic IV saline bags immersed in 
a recirculating water bath chiller. The second approach is to modify a commercially 
available continuous flow ice particle generator and particle concentrator/accumulator 
(time of need production) and to generate a slurry. These two approaches allow 
evaluation of different production methods and allow evaluation of the influence of 
production devices on slurry characteristics. For both devices various cool-down rates, 
temperature hold conditions, and storage periods are imposed on the slurries during 
formation and storage to assess the influence on slurry characteristics. 

The slurry flowability through plastic tubing in the size range about 1 to 6 mm 
diameter is evaluated for tubing having a length in the range of about 0.3 to 2 m for both 
methods of slurry production, various loadings in the range 5 to 40%, and for the various 
saline concentrations. Flow is induced both by squeezing plastic IV saline bags and by 
metered flow pumping at various rates from 10 to 1000 cc/min. Flowability is assessed 
by visual detection of ice particle blockage aided by microscope and video recording and 
by measuring any pressure drop over the length of tubing. Because particle size and 
roughness strongly influence slurry behavior, these characteristics are quantified using the 
microscope/video images of slurry. Slurry storability is evaluated by storing the slurry 
for various time periods and checking its flowability. 

EXAMPLE 2 

In another embodiment, cooling of the heart is achieved by charging the lungs 
with a phase-change slurry. Due to the almost intimate contact of the lungs with one side 
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of the heart, charging the lungs greatly improves the rate of cooling of the heart. One 
example of a phase-change ice slurry used for the lungs is in the form of liquid 
perfluorocarbon which is used as the carrier of ice particles into the lungs. When 
oxygenated, the perfluorocarbon liquid can also serve as a liquid ventilator or oxygen 
transporter. 

During cardiac arrest, the lungs are effectively a dead air space and behave as an 
insulating layer that significantly reduces heat transfer to and from the heart, impeding 
cooling applied externally to the chest. Because the heart lies immediately behind the 
lungs, with only a thin membrane layer separating the two regions, the heart can be more 
rapidly cooled by using a coolant delivered to the lungs to supplement external cooling. 
The coolant to the lungs can be administered to a patient through a tube extending into the 
lungs as part of a modified breathing apparatus or by direct tube feed from the slurry 
producing equipment. 

Among their unique properties, perfluorocarbon liquids are immiscible with water, 
very chemically and biologically inert, and have an extraordinary capacity for dissolving 
oxygen. The ice particle/perfiuorocarbon liquid slurry is formed by cooling an emulsion 
of saline solution (or other suitable liquid) and perfluorocarbon liquid to create a slurry. 

This ice slurry can be made by emulsifying saline solution (0.9%, or higher 
concentration) in perfluorocarbon liquid in a container and then batch chilling the mixture 
to the freezing point. The freezing point for this mixture was 0° C and the slurry was 
loaded with about 1 5% ice particles. The slurry of about 1 5% ice particle loading was 
quite fluid and the particles were quite smooth. 

The initial relative proportions of the constituents dictate the ice particle slurry 
concentration. It is known that slurry flowability also depends on loading, surface 
roughness, and particle size. Preferably, a stable saline/perfluorocarbon slurry of the 
maximum loading (maximum cooling capacity) and the flowability necessary for tubing 
delivery into the lungs is produced. Saline solution concentrations are preferably in the 
range of about 0.5 to 3.0 %, and ice particle loading is preferably in the range of about 5 
to 40%. 

There are several different methods of combining the liquids. The saline solution, 
prior to freezing the mixture, is broken into very small droplets suspended in the 
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immiscible perfluorocarbon liquid. The size of the saline solution droplets prior to 
freezing determines the slurry ice particle size after freezing. The formation of small 
smooth ice particles enhances slurry flowability. 

One approach for forming the small saline solution droplets involves mechanically 
mixing the constituents in a beaker with a variable speed mixer. The more intense and 
longer the duration of the mixing, the smaller the droplets. A second method consists of 
using an ultrasonic mixer to achieve small saline solution droplet sizes. The ultrasonic 
approach is preferred because it allows the use of closed sterilized containers of the 
desired mixture without concerns of contamination. The mixing energy is transferred 
through the walls of the container. In both cases, the containers of mixed solutions are 
batch cooled to the ice particle formation temperature by immersion in a recirculating 
bath chiller or other suitable cooling device. The slurry can also be made in a continuous 
process device for on-demand delivery. 

Preferably, stable (storable), fluid, and highly loaded (30% or greater) ice-particle 
slurry with medical grade saline/perfluorocarbon liquids for pulmonary cooling is 
produced. These desired slurry characteristics, just as in the case of saline slurries, are 
strongly dependent on: the temporal and thermodynamic pathways under which the 
slurries are formed; the concentration of the slurry constituents; the actual cooling 
equipment used; and the presence of other trace chemicals or impurities which act as ice 
crystal nucleation sites. Furthermore, the slurries preferably have a transition temperature 
(melting point) that does not cause tissue damage. 

To determine the effect of the various parameters which influence slurry 
characteristics, batches of saline/perfluorocarbon ice slurry for several emulsified/highly 
mixed mixtures of saline solution concentrations in the range of 0 to 3.0%, for various 
loading concentrations in the range of 5 to 40%, using the different methods of combining 
the liquids, are produced. 

These two approaches to the production of the saline/perfluorocarbon ice slurry 
allow evaluation of different production methods and allow evaluation of the influence of 
the production device on the slurry characteristics. For both slurry preparation methods, 
various cool-down rates, temperature hold conditions, and storage periods are imposed on 
the slurries during formation and storage to assess the influence on slurry characteristics. 
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The slurry flowability through plastic tubing in the size range of 4 to 12 mm 
diameter is evaluated for tubing in the length range of 0.3 to 1 m for both methods of 
slurry production, various loadings in the range 5 to 40%, and for the various saline 
concentrations. Flow is induced both by squeezing a plastic flexible container such as 
those similar to ventilating bag-valve systems and by metered flow pumping at various 
rates from 200 to 1 000 cc/min. Flowability is assessed by visual detection of ice particle 
blockage aided by microscope and video recording and by measuring pressure drop over 
the length of tubing. Because particle size and roughness strongly influence slurry 
behavior, these characteristics are quantified using the microscope/video images of slurry. 
Slurry storability is evaluated by storing the slurry for various time periods and checking 
its flowability. Preferably, a slurry with large cooling capacity, sufficient fluidity, and 
stability is produced. 

Equipment for making slurry 

The equipment for generation of each type of slurry may involve either batch 
processing in a chilled bath or the use of a significantly modified commercially available 
continuous flow ice particle generator and particle concentrator/accumulator (time of 
need production) to allow generation of slurry characteristics suitable for medical use in a 
continuous on-demand basis. 

Ice slurry generation and storage equipment and the protocols for using them 
should be compatible with patient use. Preferably, the equipment design allows cooling 
devices which provide an optimum slurry with large cooling capacity, sufficient fluidity, 
and stability under the conditions and use scenarios needed for out-of-hospital treatment. 

Cell Data 

The focus of resuscitation treatment for ischemic diseases involving impairment of 
blood flow and reduced oxygen flow to tissues, including stroke, myocardial infarction, 
hemorrhagic shock, and cardiac arrest, has been to shorten the time of ischemia, and 
reperfuse at normal physiologic conditions as quickly as possible. However, recent data 
suggest that altering the conditions within the first minutes of reperfusion may be even 
more important than shortening the time of ischemia. 
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Studies on the rapid induction of hypothermia prior to the time of reperfusion 
indicate that lengthening the time of ischemia from 60 to 70 minutes improves outcome 
when the additional time of ischemia was used to induce hypothermia. As seen in 
Figure 4, if cardiac cells exposed to normothermic (37°C) ischemia for 60 minutes are 
made ischemic for an additional 30 minutes at 25°C (90 minutes total without oxygen), 
and reperfused at 25 °C for an additional 60 minutes before being warmed back to 37°C, 
their rate of cell death (just over 20% cell death) is significantly better than if cells were 
exposed to ischemia for 60 minutes at 37°C and reperfused immediately with normal 
physiologic solution (i.e., at 37°C) - resulting in almost 50% cell death. Control cells 
made ischemic for 90 minutes at normothermic conditions had over 60% cell death. 
Thus, shortening the time of ischemia may be less important than ensuring that ischemic 
cells are hypothermic at the time of reperfusion. 

The implications are that total body cooling for cardiac arrest, and selected organ 
cooling of the heart and brain for myocardial infarction and stroke respectively, can 
significantly open the window of opportunity to save these organs from 
ischemia/reperfusion injury by giving physicians more time to treat the patient. For 
example, for stroke patients, the current time window in which physicians can safely 
administer thrombolytics to dissolve blood clots and reperfuse ischemic regions of the 
brain is 3 hours, far too little time for most patients to benefit from this therapy. These 
results indicate that, if cooled prior to reperfusion (i.e., prior to the time of administering 
thrombolytic drugs), as with the pericarotid cooling technique, the time window of 
opportunity to reperfuse would be extended well beyond 3 hours. 

MODELS 

A simplified spherical text book classical multilayer heat conduction model, with 
and without an internal heat sink, has been implemented to analyze cooling of the head 
and the heart. The model is found in Carslaw, H.S. and Jaeger, J.C., Conduction of Heat 
In Solids, Oxford University Press, 1973, pp. 233-237, which is incorporated herein by 
reference. For the head, the sphere model has four layers. The heart is modeled as a 
single element sphere. Both the head and heart are modeled with and without an internal 
heat sink. The heat sink allows simulation of internal organ cooling resulting from the 
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cooler blood entering induced by chest compressions. To verify the accuracy of the 
simplified model, cooling data on the cooling rate associated with a ham suddenly 
immersed in a ice slush bath is compared with model predictions. The following 
summarizes the results from the ham, head, and heart cooling assessments. 

EXPERIMENTS 

Heat transfer modeling results: Examples 3-6 

EXAMPLE 3 
Ham: surface cooling/no blood flow 

As a means of obtaining an indication of a cool-down rate associated with external 
surface cooling only of a large tissue mass of size and surface area similar to the head, an 
experiment was conducted on a 9.8 pound ham (shank portion) with an imbedded bone 
mass. The ham was cooled down from an initial temperature of 29.4°C to 16.7°C in 30 
minutes by direct full immersion in a tightly packed ice slush water bath at 0°C with a 
thermocouple imbedded 3.5 inches into the thickest part of the ham. The resulting core 
cool-down rate was 0.42°C/min. These results confirm that surface cooling only, in the 
absence of blood flow, falls far short of achieving the desired cooling. 

Figure 5 shows the results of the sphere heat conduction model applied to the ham 
compared with the measured ham core temperature history based on a sphere of radius 
b = 3.5 inches for thermal diffusivities ranging from 1.5 to 5.0 x 10" 7 m 2 /s. 

EXAMPLE 4 

Head Model 

Models for brain core temperature using external surface cooling alone and for the 
combined effect of external and internal pericarotid cooling are presented in Figure 6. 

The external surface cooled model of the head/brain has the following features. 
The head is modeled as a 4-layered sphere with heat conduction to an ice slurry bath at 
0°C upon sudden immersion. The 4 layers of the sphere from the outer to the inner zones 
are the scalp, the skull, the cerebrospinal fluid (CSF), and the brain, respectively, as 
shown in Figure 6. The mass of the brain considered is 1 500 g which is equivalent to a 
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volume of 1388 cm 3 and a radius of 69.2 mm. The thickness of the scalp, the skull, and 
the CSF are 5 mm, 5 mm, and 2 mm, respectively. The radius of the brain is divided into 
10 equal partitions. The governing classical heat conduction equation was discretized 
into the finite difference form and solved numerically for temperature. The equation used 
is aTi = bjTj+i + CjTj., + dj where i represents the number of partitions. The equations 
were solved by the Tri-Diagonal-Matrix Algorithm. (See S. V. Patanker, Numerical Heat 
Transfer and Fluid Flow (Hemisphere Series on Computational Methods in Mechanics 
and Thermal Science') , Hemisphere Publishing, pp.52-54, 1980. See also Carslaw, H.S. 
and Jaeger, J.C., Conduction of Heat In Solids , Oxford University Press, 1973, pp. 233- 
237.) 

Figure 6 shows the transient temperature at the center of the brain. The cooling 
time of the center of the brain from 37°C to 25°C is 93 minutes. The brain core cools very 
slowly. However, the brain outer edge sees protective temperatures of 25°C at 1 0 minutes 
into the cool down. The head model indicates that the rate of cooling of the brain is 
improved significantly by utilization of internal pericarotid blood cooling in conjunction 
with the external cooling. 

The heat transfer to the carotid artery has been modeled and the resulting cooling 
capacity of the blood flowing into the brain resulting from chest compressions is used to 
evaluate whether the cooling capacity needed in the brain in the form of a distributed heat 
sink could be achieved. The carotid artery on each side of the neck is assumed to have 
the following characteristics: diameter = 1.2 cm; length = 10 cm; blood flow rate from 
chest compressions = 125 cc/min; and surface temperature due to ice slurry = 0°C. 

The analysis of the carotid artery shows that at the beginning of the cooling 
process, the blood enters the 10 cm effective cooling length of artery at 37°C and exits at 
24.8°C. 14.8 cal/s are removed from the blood per carotid. As time proceeds, the blood 
exiting the carotid heat exchanger becomes cooler. Hence, the blood entering the brain 
also becomes cooler, even at the beginning of the cooling, with a temperature near the 
desired cool-down cell protection target temperature of 25°C. 

The head heat conduction transfer model used for predicting the influence of 
surface cooling alone is implemented with a uniform heat sink per unit volume 
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represented by q'" for the brain region and the core temperature predicted versus time 
with both external and internal heat sink cooling modes operating. The value of q'" used 
is 0.02 cal/s-cm 3 which is based on cooling a brain of mass 1 500 g, having volume 
1388 cm 3 , and specific heat of 3850 J/kg-°C from 37°C to 25°C in 10 minutes. The 
average brain cooling rate based on these assumptions is 27.6 cal/s. As shown in 
Figure 6, the addition of the internal brain cooling resulting from cooling of the carotid 
blood flowing into the brain furnishes a significant improvement in cooling over the case 
of external cooling alone. The brain core temperature reaches 25°C in 10 minutes and, 
most importantly, the internal heat sink effect is obtainable from the carotid cooling. 

Heart Model 

The cool blood entering the heart is modeled, as for the brain, as a uniformly 
distributed heat sink. The effectiveness of these cooling methods are discussed below for 
two simulated cases (EXAMPLE 5 and EXAMPLE 6). The spherical heart heat 
conduction transfer model assumes a heart mass of 400 g, a volume of 370 cm 3 , and a 
radius of 44.6 mm. 

EXAMPLE 5 

Heart Model Case 1 : Pulmonary cooling with no blood flow, no chest 
compressions, lungs filled with ice slurry, and trunk packed in ice. 

This case calculates the heart core cool-down rate associated with the scenario of 
the lungs being filled with ice slurry at 0°C at time zero and the heart separated by only a 
thin tissue layer (2 to 5 mm thick) from the lungs with the heart initially at 37°C. The 
trunk is subjected to an ice bath. Chest compressions which would induce blood flow are 
not used. The lungs could hold 3 or 4 liters of ice slurry in a single charge and the slurry 
contains approximately 30% by volume of ice particles (ice has a heat of fusion of 
80 cal/g or 144 Btu/lb.). This analysis, in addition to predicting heart cooling rate, also 
yields an estimate of how much cooling it takes to cool the heart from its initial uniform 
temperature of 37°C to a target core temperature of 25°C. This estimate also provides 
information on how much ice slurry is needed to charge the lungs to achieve the target 
cool down. 
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In this model, it is assumed that the surface of the heart is 100% in contact with 
the lungs and maintained at 0°C surface temperature resulting from the injection of the ice 
slurry into the lungs and the trunk in an ice bath. The transient temperature at the heart 
core is shown in Figure 7. It takes about 28.4 minutes to cool from 37°C to 25°C. This is 
longer than the target time of 1 0 minutes. For the present case, the amount of heat loss 
from 37°C to 25°C is calculated to be 38.8 Btu, which is equivalent to the latent heat of 
0.27 lbs. of ice. For a 30% ice particle loaded slurry charged into the lungs of 3 to 4 liters 
capacity, a single charge would place over 2 lbs. of ice in the lungs which is adequate to 
achieve the desired cooling. 

EXAMPLE 6 

Heart Model Case 2: Combined pulmonary cooling with blood flow. 

In this case, the full combination of cooling modes is considered. That is, the 
heart is cooled down through the conductive heat transfer due to the contact between the 
slurry filled lungs and the heart (see Heart Model Case 1 , EXAMPLE 5), and cooling due 
to cooler blood flowing through the heart. The heart is cooled as a result of the 
combination of the injection of ice slurry into the aorta, cooled jugular blood, and blood 
cooled in the lungs flowing into the heart as a result of chest compressions in the absence 
of a naturally pumping heart. 

To simulate internal cooling, a uniformly distributed heat sink, q'", in the heart 
sphere model is used to represent the convective heat transfer between the heart and the 
blood flow. The heart core temperature for q'" = 0.01 8 cal/s-cm 3 which corresponds to 
an energy removal rate of - 6.63 cal/s is shown in Figure 7. The appropriate value of q'" 
is determined in the same way as for the brain calculations. Significant improvement is 
obtained with the cooled blood flow over Heart Model Case 1, EXAMPLE 5. From 
Figure 7, it is noted that the cooling time from 37°C to 25°C at the center of the heart 
under the condition of no blood flow contribution, i.e. q'" = 0 is 28.4 min, the result from 
Heart Model Case 1 , EXAMPLE 5. However, the cooling time is reduced to 1 0 minutes 
for the volumetric heat sink value of 0.018 cal/s-cm 3 applied to the heart. The two cases 
show that the cooled blood flow is very important for cooling the heart core quickly 
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following cardiac arrest. This cooling by blood flow is achieved with the use of internal 
ice slurry cooling. 

These scoping models are based on simplified spherical geometry and lumped 
parameter textbook classical heat conduction heat transfer model approximations. 
(Carslaw, H.S. and Jaeger, J.C., Conduction of Heat In Solids . Oxford University Press, 
1973, pp. 233-237.) 

The cooling model studies of the brain and heart regions yield numerical models 
that are used to develop and evaluate the various cooling approaches. The initial target is 
a cool-down from 37°C to 25°C in 10 minutes. 

Scoping assessments of cooling rates are used to evaluate combined external and 
internal cooling for the lungs and heart. A first cut model of the heart cool-down rate 
with the lungs filled with ice slurry at 0°C at time zero and the heart separated by only a 
thin tissue layer (2 to 5 mm thick) from the lungs with the heart initially at 37°C has been 
developed. This analysis, in addition to predicting heart cooling rate, also yielded an 
estimate of how much ice slurry it would take to cool the heart from its initial uniform 
temperature of 37°C to a center temperature of 25°C. 

These scoping models are based on simplified spherical geometry and lumped 
parameter approximations. Additional heat transfer models are developed based on finite 
element representations of the complex geometries, the boundary conditions, and the 
material property variations of the various body elements involved. The commercial code 
PROSTAR (pre-processor of STAR-CD Code) is used to generate the computational 
meshes to more accurately represent the actual geometry of head and heart and represent 
spatial variations in the applied boundary conditions and tissue properties. 

EXAMPLE 7 

In this study, the ability of a phase-change ice slurry to provide targeted cooling of 
the heart and brain when delivered intravenously, and through an endotracheal tube into 
the pulmonary space during cardiac arrest with chest compressions in a swine model of 
cardiac arrest was tested. 
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Phase-Change Ice Slurry 

The slurry used for these experiments was a saline based ice slurry which 
consisted of 30% ice generated from a 0.9% saline solution. Ice particle size was less 
than 0.1 mm (measured microscopically); flowability through IV tubing was good; and 
the slurry did not degrade after 4 hours storage. The temperature of saline ice slurry 
produced was -0.3°C, a temperature that is well tolerated by biological tissue. 

Animal Instrumentation 

The use of swine as a model of cardiac arrest has been well described in the 
literature. (See, for example, Idris, A.H., Wenzel, V., Becker, L. B., Banner, M. J., 
Orban, D. J., Does hypoxia or hypercarbia independently affect resuscitation from 
cardiac arrest?, Chest, 108(2): 522-28 (1995); Idris, A. H., Becker, L. B., Fuerst, R. S., 
Wenzel, V., Rush, W. J., Melker, R. J., Orban, D. J., Effect of ventilation on resuscitation 
in an animal model of cardiac arrest, Circulation, 90(6): 3063-69 (1994); and Swindle, 
M. M., The use of animals in surgical research, J Invest Surg., 1(1): 3-4 (1988)). 

Domestic swine weighing 30-40 kg were intubated with a #7 endotracheal tube, 
following anesthetic induction with ketamine (20 mg/kg IM). Animals were placed in the 
dorsal recumbent position. Anesthesia was maintained with isofluorane inhalant gas and 
100% oxygen. Vital signs were continually monitored and anesthetic levels were 
adjusted to maintain physiologic homeostasis and absolute absence of discomfort. 
Animals were ventilated with a time-cycled, pressure-controlled electronic ventilator to 
maintain an end-tidal C0 2 of 35-45 torr. 

Normal saline solution was administered at a rate of 1 0 cc/kg/hr, through a 22 g 
intravenous catheter placed in the auricular vein. A cut down was performed in the area 
of the femoral triangle to allow placement of a longdwelling catheter into the femoral 
artery. To place needle temperature probes in the brain, a 2 cm incision was made 
through the skin overlying the skull. A bone drill was positioned through the skin 
incision, and a 4 mm hole was placed through the skull just above the orbital rim. The 
dura was visualized and penetrated with a needle thermistor probe inserted to the frontal 
lobe to a depth of 4 cm. The procedure was repeated on the other side for bilateral 



WO 01/08593 



-24- 



PCT/US00/21185 



temperature monitoring. Baseline temperatures were taken from all sites. During chest 
compressions, continuous temperature measurements were taken from the right and left 
brain, esophageal, and rectal probes. Immediately following termination of the 
experiment, heart temperature was measured via direct insertion of a needle probe into the 
muscle of the left ventricle. 

A compression cylinder (Thumper, Michigan Instruments) was positioned over the 
sternum with the compression pad centered at the midsternum to provide 80 compressions 
per minute at a compression depth of 3-4 cm. The device is tested prior to induction of 
cardiac arrest to confirm the presence of an adequate arterial waveform during 
"thumping." 

Experimental Protocol 

Cardiac arrest was induced by intravenous injection of 5 cc's of saturated KG, 
and confirmed by the complete absence of EKG waveform and blood pressure. Upon 
death, CPR was begun and slurry was administered. Ice slurry was delivered down a 5 
French tube inserted into the lumen of the endotracheal tube, until slurry overflowed the 
endotracheal tube. The animal was simultaneously ventilated through the endotracheal 
tube using a 3L ventilation bag, such as an "Ambu" bag and ventilations were performed 
at a rate of one ventilation per 5 compressions. At approximately 2-minute intervals, the 
previously instilled ice slurry was removed and replaced with approximately 100-150 cc 
of fresh slurry. In the experiment adding ice slurry to the venous system, approximately 
1 500 cc ice slurry was additionally administered via the femoral venous line. CPR and 
slurry administration were continued until the brain temperature decreased from baseline 
(approximately 38°C) to approximately 30°C. A thoracotomy was performed and three 
temperatures were taken under direct visualization from the anterior ventricular wall at a 
depth of about 0.5-1.0 cm. 

Data analysis 

Simple descriptive statistics are used for temperature data. Temperature was 
recorded each minute for 30-40 minutes and data points were collected for each site per 
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animal. Two-tailed t-tests were performed as tests of significance, with p<0.05 
considered to be significant. 

RESULTS 

Pulmonary Cooling Only 

The results are presented in Table 1 . Over the 40 minutes of cardiac arrest with 
chest compressions and pulmonary cooling, rectal temperature decreased by 1 . 1 °C, while 
brain temperature decreased by 6.3°C, and heart temperature by 14°C. More frequent 
instillation of ice slurry produced more rapid cooling with a maximal cooling rate 
sustained over 1 0 minutes of -2.8°C (per 1 0 min). An additional temperature probe in the 
esophagus showed similar or cooler temperatures to those in the heart (data not shown). 

EXAMPLE 8 

Combined Pulmonary And Intravenous Slurry Administration 
An experiment was performed with pulmonary cooling as above, but in addition, 
there was direct injection of ice slurry into the femoral venous line. Approximately 
1 500 cc of ice slurry was injected over 30 minutes via a catheter. As seen in Table 1 , 
cooling rates with additional venous ice slurry appear faster than with pulmonary cooling 
alone. While rectal temperature decreased by only 1.3°C over the 30 minute experiment, 
brain temperature decreased by 8.6°C, and heart temperature decreased by 16°C. Over 
the best 10 minute cooling period the brain temperature decreased by 5.2"C. A detailed 
temperature chart for the experiment is seen in Table 1 . 

Data from a single experiment with combined intravenous and pulmonary cooling 
during cardiac arrest with chest compressions are shown in Table 2 and Figure 8. Data 
from a single experiment over time shows heart, brain (average of right and left 
hemispheres), and rectal temperature over the initial twenty minutes of cooling and 
cardiac arrest. Note that time zero (0) represents the moment of cardiac arrest, and the 
heart cooling is averaged (hence, the straight line estimate) over the experiment as it was 
measured after termination, not continuously. 
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Table 1 

Pulmonary cooling only 

Site Average Cooling Cooling Rate per Minute Animals 

Rectal temperature - 1 . 1 °C over 40 min -0.03 ± 0.006 (SE) °C/min (n=2) 

Brain hemisphere -6.3 °C over 40 min -0.16 ± 0.02° C/min * (n=4) 

Heart temperature -14 "Cover 40 min -0.35 ± 0.07 °C/min * (n=2) 

Best 10 min brain cooling -2.8 °C over 10 min -0.28 ± 0.02 °C/min (n=4) 



Pulmonary cooling combined with femoral vein ice slurry 

Site Average Cooling Cooling Rate per Minute Animals 

Rectal temperature -1.3 °C over 30 min -0.03 ± 0.007 °C/min (n=l) 

Brain hemisphere -8.6 °C over 30 min -0.29 ± 0.004 °C/min * (n=2) 

Heart temperature -16 °C over 30 min -0.53 ± 0.009 °C/min * (n=l) 

Best 10 min brain cooling -5.2 °C over 10 min -0.52 ± 0.004 °C/min (n=2) 



* Brain and heart are significantly different from rectal cooling rate (p<0.005) 



Combined intravenous and pulmonary cooling during cardiac arrest 
with chest compressions 

Site Cooling Rate per Minute 

Rectal temperature -0.04 °C/min 

Brain hemisphere -047 °C/min 

Heart temperature -0.6 1 °C/min 
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Hypothermia was rapidly inducing in a swine model of cardiac arrest using a 
phase-change ice slurry administered into the pulmonary space and via intravenous 
catheter. This method rapidly and significantly lowered the temperature of the brain and 
the heart in these animals during simultaneous chest compressions. Interestingly, the 
rectal temperature did not appreciably change, consistent with the notion that the 
technique specifically targeted cooling to the brain and heart. These results are unique 
and surprising in several respects. First, there are no prior studies, of which the inventors 
are aware, that document a medical use for internal phase-change slurries for cooling. 
Second, this is believed to be the first study to identify the lung surface area as a practical 
system for heat exchange to rapidly cool the brain and heart during CPR. The cooling 
rates were 10-20 times greater than any other methods available to paramedics in an out- 
of-hospital setting. 

Obviously, numerous modifications and variations of the present invention are 
possible in light of the above teachings. These teachings serve as examples, and are not 
to be understood as limiting the scope of the present invention. It is therefore to be 
understood that the invention may be practiced otherwise than as specifically described 
herein. 
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CLAIMS 
We claim: 

1 . A method of treating a patient comprising: 

administering to the patient a phase-change particulate slurry internally; and 
continuing to administer the slurry until a state of hypothermia is induced in the 

patient. 

2 . A method of treating a patient comprising: 

administering to the patient a phase-change particulate ice slurry internally; and 
continuing to administer the slurry until a state of hypothermia is induced in the 

patient. 

3. The method of claim 2 wherein the phase-change particulate ice slurry 
further comprises a sodium chloride solution. 

4. The method of claim 3 wherein the sodium chloride solution further 
comprises a concentration of sodium chloride between about 0.5% to 3.0%. 

5 . The method of claim 2 further comprising administering the phase-change 
particulate slurry to the patient subcutaneously. 

6. The method of claim 5 further comprising administering the phase-change 
particulate slurry into the pericarotid region of the soft tissue of the neck of the patient. 

7. The method of claim 2 further comprising administering the phase-change 
particulate slurry to the patient intravascularly. 

8. The method of claim 7 further comprising administering the phase-change 
particulate slurry into the aorta of the patient. 

9. The method of claim 2 further comprising administering the phase-change 
particulate slurry to the patient intraperitoneally. 

1 0. The method of claim 2 further comprising administering the phase-change 
particulate slurry into the gastrointestinal tract of the patient. 

11. The method of claim 2 wherein the phase-change particulate slurry further 
comprises a perfluorocarbon liquid. 



WO 01/08593 



PCT/US00/21185 



-29- 

12. The method of claim 1 1 further comprising administering the 
perfluorocarbon phase-change particulate ice slurry into the lungs of the patient. 

13. A phase-change particulate ice slurry for inducing hypothermia in a patient 
comprising a saline solution and ice particles, the saline concentration being in a range 
between about 0.5% to 3.0%. 

14. The phase-change particulate slurry of claim 13 wherein the saline solution 
is sodium chloride. 

1 5. The phase-change particulate slurry of claim 1 4 wherein the percentage of 
ice particles in the slurry is between about 5% and 40%. 

1 6. The phase-change particulate slurry of claim 1 4 further comprising a 
perfluorocarbon solution. 

1 7. An apparatus for inducing hypothermia in a patient comprising: 

(a) a liquid vessel containing a phase-change particulate slurry; 

(b) means connected to the liquid vessel for delivering the phase- 
change particulate slurry internally to the patient; 

(c) means for continuously administering the phase-change particulate 
slurry from the liquid vessel to the patient until a state of hypothermia is induced in the 
patient. 

18. The apparatus of claim 1 7 wherein the phase-change particulate slurry 
further comprises a saline solution and ice particles, the saline concentration being in a 
range between about 0.5% to 3.0%. 

1 9. The apparatus of claim 1 8 wherein the saline solution is sodium chloride. 

20. The apparatus of claim 1 8 wherein the percentage of ice particles in the 
phase-change particulate slurry is between about 5% and 40%. 

21. The apparatus of claim 1 7 wherein the phase-change particulate slurry 
further comprises a perfluorocarbon solution. 

22. The apparatus of claim 1 7 further comprising means for cooling the liquid 

vessel. 

23 . The apparatus of claim 1 7 further comprising means for mixing contents 
within the liquid vessel. 
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24. An apparatus for inducing hypothermia in a patient comprising: 

(a) a liquid vessel containing a phase-change particulate slurry; 

(b) means connected to the liquid vessel for delivering the phase- 
change particulate slurry internally to the patient, whereby the phase-change particulate 
slurry is delivered from the liquid vessel to the patient until a state of hypothermia is 
induced in the patient. 

25. The apparatus of claim 24 further comprising means for cooling the liquid 

vessel. 

26. The apparatus of claim 24 further comprising means for mixing contents 
within the liquid vessel. 

27. An apparatus for administering a phase-change particulate slurry to a 
patient comprising: 

(a) a liquid vessel containing a phase-change particulate slurry; 

(b) a delivery device including a flexible, tubular member connected to the 
liquid vessel for delivering the phase-change particulate slurry internally to the patient, 
the flexible, tubular member having a first end and a second end, the first end insertable 
inside a patient, and the second end connected to the liquid vessel and in fluid 
communication with the liquid vessel, whereby the phase-change particulate slurry is 
delivered from the liquid vessel through the flexible, tubular member and into the patient 
until a state of hypothermia is induced in the patient. 

28. The apparatus of claim 27 wherein the flexible tubular member is adapted 
to be inserted into the gastrointestinal tract of the patient. 

29. The apparatus of claim 27 wherein the flexible tubular member is adapted 
to be inserted into the trachea of the patient. 

30. The apparatus of claim 27 wherein the flexible tubular member is adapted 
to be inserted into the patient intravascularly. 

31. The apparatus of claim 27 wherein the flexible tubular member is adapted 
to be inserted into the patient subcutaneously. 
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Figure 1 
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Figure 2 
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Figure 3a 



Figure 3b 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 



